DNA-protein crosslinks (DPCs) arise in biological systems as a result of exposure to a variety of chemical and physical agents, many of which are known or suspected carcinogens. The biochemical pathways for the recognition and repair of these lesions are not well understood in part because of methodological difficulties in creating site-specific DPCs. Here, a strategy for obtaining site-specific DPCs is presented, and in vitro interactions of the Escherichia coli nucleotide excision repair (NER) UvrABC nuclease at sites of DPCs are investigated. To create site-specific DPCs, the catalytic chemistry of the T4 pyrimidine dimer glycosylase͞apurinic͞apyrimidinic site lyase (T4-pdg) has been exploited, namely, its ability to be covalently trapped to apurinic͞apyrimidinic sites within duplex DNA under reducing conditions. Incubation of the DPCs with UvrABC proteins resulted in DNA incision at the 8th phosphate 5 and the 5th and 6th phosphates 3 to the protein-adducted site, generating as a major product of the reaction a 12-mer DNA fragment crosslinked with the protein. The incision occurred only in the presence of all three protein subunits, and no incisions were observed in the nondamaged complementary strand. The UvrABC nuclease incises DPCs with a moderate efficiency. The proper assembly and catalytic function of the NER complex on DNA containing a covalently attached 16-kDa protein suggest that the NER pathway may be involved in DPC repair and that at least some subset of DPCs can be removed by this mechanism without prior proteolytic degradation.
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I
n cells, DNA is tightly associated with a variety of proteins that serve both to maintain the structural organization of the genetic material and to coordinate cellular processes including replication, repair, recombination, and transcription. Many endogenous compounds (e.g., metabolites of lipid peroxidation) as well as environmental agents are reactive with both DNA and proteins and thus can produce covalent linkage between these two types of macromolecules (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . DNA-protein crosslinks (DPCs) represent a relatively abundant form of DNA damage as evidenced by data indicating that the background level of DPCs in human white blood cells ranged from 0.5 to 4.5 per 10 7 bases (1). An age-related accumulation of DPCs has also been observed in mouse organs (2) , supporting the hypothesis that oxidative mechanisms contribute to the formation of these DNA damages (2, 3) . DPC levels increase dramatically upon exposure to a variety of physical or chemical agents, including UV light (4), ionizing radiation (5), ␤-propiolactone (6), aldehydes (1, (7) (8) (9) , arsenite (10), ferric nitrilotriacetate (11), chromate (12), nickel (13) , and others. Chemotherapeutic agents, such as cisplatin (12, 14) , bisplatinum (15) , and neocarcinostatin (16) , have also been shown to induce DPC formation. Exposure to several DPC-inducing agents gives rise to genotoxic and carcinogenic effects, and for some agents, such as formaldehyde, their primary mutagenic effects are believed to be mediated through the formation of DPCs (7, 9) .
Despite the recognition of the biological significance of DPCs, there are very limited data concerning the repair of these lesions. Analyses of data generated in cell culture revealed the existence of mechanisms of active DPC removal and suggested that more than one repair pathway can be involved in the repair of these lesions (17) (18) (19) (20) (21) . Because of its wide substrate specificity toward a variety of bulky DNA lesions, nucleotide excision repair (NER) (22, 23) has been proposed to be potentially responsible for DPC removal (17, 20, 21) that initially proceeds through a proteolytic degradation pathway (21) . Indeed, trans-Pt(II) diamminedichloride-induced DPCs were found to be more persistent in NERdeficient xeroderma pigmentosum (XP) group A fibroblasts compared with normal cells (17) . However, the active removal of formaldehyde-derived DPCs was not significantly affected in XP-A or XP-F cells, suggesting a limited role (if any) of NER in the repair of those DPCs (18, 20, 21 ). In the current study, we present a strategy for obtaining site-specific DPCs and investigate an ability of UvrABC nuclease, which initiates the NER in Escherichia coli (22, 24) , to excise DPCs in vitro. P-labeled 60-mer oligodeoxynucleotides were annealed to the complementary strand, and 1 pmol of these DNA duplexes was reacted with uracil DNA glycosylase. An aliquot was probed by reaction with T4-pdg to verify that all uracils had been converted to AP sites. For AP site reduction, 10 mM NaBH 4 was added to 5 pmol of the AP site containing DNA. For DNA-protein covalent complex formation, 100ϫ molar excess of T4-pdg was added to 5 pmol of the AP site containing DNA in the presence of 10 mM NaBH 4 . To dissociate the noncovalently bound T4-pdg from DNA, 100 mM NaCl was added to the trapping reaction. Uracil-, reduced AP site-, and DPC-containing DNA duplexes were purified through 5% native PAGE in the presence of the 100 mM NaCl, and the bands of interest were excised and eluted with buffer consisting of 500 mM ammonium acetate͞10 mM magnesium acetate͞1 mM EDTA. DNA samples were dialyzed against 10 mM Tris-HCl, pH 7.6͞1 mM EDTA overnight. Restriction enzyme analyses with SnaBI and HaeIII were performed according to manufacturer protocols.
Materials and Methods
DNA Incision by UvrABC. UvrABC incision reactions were performed essentially as described (26) . The DNA substrates (1 nM) were incubated with UvrA (10 nM), UvrB (250 nM), and UvrC (50 nM) in a 10-l reaction buffer containing 50 mM Tris-HCl, pH 7.5͞50 mM KCl͞10 mM MgCl 2 ͞5 mM DTT͞1 mM ATP at 37°C for 30 min or, in time course experiments, as indicated. Reactions were terminated by the addition of 50% formamide͞10 mM EDTA and heating at 90°C for 2 min, and the products were separated through 15% urea-PAGE. Alternatively, reactions were terminated by the addition of a protein loading buffer containing 62.5 mM Tris-HCl, pH 6.8͞2% SDS͞ 10% glycerol (vol/vol)͞100 mM DTT and boiling for 5 min. Samples were separated by electrophoresis through 12.5% SDS͞ PAGE. Bands were visualized by autoradiography of the gel by using Hyperfilm MP x-ray film (Amersham Pharmacia Biotech).
Quantitative analyses were performed by using PhosphorImager screens and IMAGE QUANT 5.0 software (Molecular Dynamics).
Results
To assess whether NER could participate in the initiation of DPC repair, it was necessary to obtain site-specific DPCs. To accomplish this, a precise understanding of the catalytic mechanism of T4-pdg was exploited. T4-pdg, a 16-kDa protein, initiates the repair of cis, syn-cyclobutane pyrimidine dimers within double-stranded DNA, proceeding through the formation of an imino (Schiff base) complex between its N-terminal ␣-amino group and the C1Ј carbon of the 5Ј sugar within the dimer (28) . In the presence of a reducing agent such as sodium borohydride, this imino complex can be reduced and covalently trapped, thereby producing a stable, DNA-protein complex (29) . Similarly, T4-pdg can also be covalently bound to the DNA backbone at an AP site, which is an intermediate product of the catalysis (30) .
To create site-specific DPCs, the starting substrate DNA was a uracil-containing 60-mer oligodeoxynucleotide (Fig. 1 A) that was 32 P labeled either at the 5Ј or 3Ј end or, alternatively, at the 5th nucleotide position 5Ј to the uracil. A protocol was developed (see Material and Methods) that allowed DNA-protein complexes to be isolated separately from both DNAs not containing the covalent linkage (Fig. 1B, lane 8, and Fig. 1C ) and excess enzyme. To serve as positive incision controls for these experiments, reduced AP site-and AAF lesion-containing DNAs were purified, both known substrates for the well characterized NER system, UvrABC nuclease (27, 31) . It was shown by urea-PAGE (Fig. 1B) that both reduced AP site-and DPC-containing oligodeoxynucleotides were cleaved by the restriction endonucleases, confirming the double-stranded character and purity of the substrate preparations. Because urea-PAGE does not permit the separation of the DNA-protein complexes composed of oligodeoxynucleotides of different size, the product of cleav- age of DPC-DNAs by HaeIII was detected on SDS͞PAGE (Fig. 1C) .
Incubation of the 5Ј-terminally labeled DPC-containing substrate in the presence of the UvrABC nuclease resulted in accumulation of a 23-mer product, indicating that incision occurred at the 8th phosphodiester bond 5Ј to the adducted site ( Fig. 2A) . DNA incision at this position is specific for the UvrABC system (22, 24) and was also observed in reactions with two known substrates for NER, namely DNAs containing either an AAF-guanine lesion or a reduced AP site (27, 31) . In contrast, no product was detected in a reaction on the uracil-containing 60-mer that was used as a negative control. On the DPCadducted substrate, the 5Ј incision occurred only in the presence of all three Uvr proteins (Fig. 2B) , indicating that all three subunits were required for the reaction to proceed. To assay for a UvrABC-mediated 3Ј incision, DPC substrates 3Ј-terminally labeled on the damaged strand were used. Two products, a major 26-mer and a minor 25-mer, were detected (Fig. 2C) , revealing that these incisions took place predominantly at the 5th phosphate and additionally at the 6th phosphate 3Ј to the adducted site. Multiple incision sites are typical for 3Ј incision by UvrABC nuclease (22, 24) and were also observed in the control reaction with the reduced AP site-containing DNA (Fig. 2C) .
Having demonstrated that UvrABC nuclease can make both 5Ј and 3Ј incisions on a DPC-containing substrate, we then examined whether these two events take place within the same DNA molecule. For this purpose, internally 32 P-labeled substrates were created at the 5th position 5Ј to the adducted site and reacted with UvrABC. When the products of the reaction were analyzed by SDS͞PAGE, a new product band was detectable that had the same electrophoretic mobility as a 12-mer oligodeoxynucleotide covalently bound with T4-pdg (Fig. 2D) . Because no other larger molecular weight bands appeared that could have suggested independent 3Ј or 5Ј incisions, these data confirmed a coordinated dual incision on the DPC substrate. Taken together, these data indicate that on a DPC-containing substrate, a major product of incision by UvrABC nuclease was the12-mer DNA fragment covalently bound with the protein (Fig. 2E) . The possibility that the nondamaged complementary strand may be a substrate for UvrABC incision was also examined. No incision products were detected in reaction with the DPCs in which only the nondamaged strand was 5Ј-terminally labeled (data not shown).
Analyses of the data in Fig. 2 suggested that the yield of the incision products was higher in reactions with DPCs compared with reduced AP site-containing DNAs. To better evaluate the efficiency of DPC removal, comparative studies were performed by using both DPC-and (ϩ)-trans-benzo[a]pyrene diolepoxideadducted DNA, a well established substrate for the UvrABC system (26) . The relative rates of adduct removal were monitored by assaying the 5Ј incision. As shown in Fig. 3 , the kinetics of the incision on the DPC substrate indicated that the incision was about one-half efficient as that of the (ϩ)-trans-benzo[a]pyrene diolepoxide-containing DNA, suggesting that UvrABC nuclease incises DPCs with a moderate efficiency.
Discussion
The data within this report demonstrate the extreme versatility of the NER damage recognition and incision proteins. The UvrABC nuclease was able to form a catalytically competent complex on DPC-containing DNA in which incisions were made at the exact same 5Ј and 3Ј positions as compared with a reduced AP site-containing substrate. Direct evidence is presented for the nucleotide excision repair of DNA-protein crosslinks. These data are significant because they not only expand the understanding of the diversity and flexibility of the protein-DNA adduct interactions associated with NER, they also reveal a new role of NER in the biological pathways processing DNA-protein crosslinks.
The dual catalytic incision performed by the UvrABC nuclease results from a complex process that involves several sequential steps. The process is initiated with the formation of a UvrA 2 B complex and its binding to DNA at the damaged site, followed by a localized strand separation. Concomitant with the formation of this ''open'' complex is a dissociation of the UvrA dimer and formation of a stable preincision UvrB-DNA complex. Next, recruitment of UvrC by interactions with UvrB leads to formation of the UvrBC-DNA intermediate structure that triggers 3Ј and 5Ј endonuclease activities of UvrC (22, 24, 32) . Despite these complexities in catalysis and some controversies regarding the mechanisms of the damage recognition by UvrABC, great progress has been made recently in understanding many important aspects of this process. What is widely accepted is that both DNA modification and distortions in duplex structure must be present in the DNA for efficient incision by NER (22, 24, 33, 34) . The first structural feature recognized by the UvrA 2 B complex upon its loading onto DNA is a local distortion of the DNA helix caused by the damage (34) . In some cases, e.g., when damage is localized in a bubble region (34, 35) , incision can be achieved in the absence of UvrA, suggesting that the requirement of UvrA can be circumvented by designing the DNA substrate with a preformed, stable bubble structure. Within the preincision complex, hydrophobic forces were reported to be involved in the interactions between UvrB and the DNA substrate (36) . The crystal structures of the UvrB proteins revealed the presence of a unique structural element, a flexible ␤-hairpin that is rich in conserved hydrophobic residues (37) (38) (39) . Two recent studies on the mutant E. coli and Bacillus caldotenax UvrB suggested that the ␤-hairpin motif of the protein is directly involved in the recognition of DNA adducts probably through its insertion or stacking into the DNA helix (40, 41) . In the case of E. coli NER, the Tyr-95 and Tyr-96 residues at the base of the hairpin were shown to be crucial for damage-specific binding (41) .
The cocrystal structure of a catalytically incompetent T4-pdg with DNA containing a cis, syn-cyclobutane pyrimidine dimer (42) as well as the molecular footprint of T4-pdg bound to damage-containing DNA (43) revealed that the enzyme makes numerous contacts with both damaged and nondamaged strands. According to the cocrystal structure, although the enzyme did not undergo major structural alterations, the DNA was kinked at a Ϸ60°bend with the nucleotide pairing partner to the 5Ј pyrimidine of the dimer flipped to an extrahelical position on a surface cleft of the enzyme. The stability of the DNA bend has not been experimentally confirmed under the conditions used to form the covalent complex, but fluorescence data measuring the local environment and extrahelical extrusion of a 2-aminopurine opposite a damaged site have revealed the formation of a stably flipped complex (44) . Based on assumptions made concerning these data, it is predicted that the starting DPC substrate for incision by UvrABC is a highly distorted, kinked complex containing an extrahelical nucleotide, in which the enzymes' overall molecular footprint is Ϸ10 nucleotides.
Because the linkage of this 16-kDa enzyme represents a covalent bond, and there was no evidence for degradation of the protein, it is hypothesized that the sequential loading of the UvrABC complex must sufficiently remodel the original complex to correctly position UvrC for incision. UvrA was a necessary component to the DPC incision reactions. Thus, these data imply that despite the severity of the structural DNA distortion in the DPC complex (42, 44) , an even more distorted, bubble-like structure forms as a result of the initial damage recognition by UvrA 2 B. These, as well as sequential local structural alterations of the UvrA 2 B-DNA complex, may lead to the disruption of contacts between the DNA and T4-pdg. This remodeling is necessary because the site of the 3Ј UvrC incision was previously masked with the molecular footprint of T4-pdg (43) . We hypothesize that within the preincision complex, the major part of T4-pdg is pointing out of the UvrB-DNA interaction interface. Such a hypothetical structure would allow for the interaction of Tyr-95 and Tyr-96 from the UvrB ␤-hairpin with the damagedcontaining strand that may help to stabilize the UvrB-DPC complex at a hydrophobic interface.
A question can be raised as to whether all DPCs will be processed by the NER complex. Current literature would suggest that this would not be the case as rates of human cell repair of formaldehyde-induced DPCs are not dramatically different when wild-type, XP-A, and XP-F cells are compared (18, 20, 21) , whereas removal of trans-Pt(II) diamminedichloride-induced DPCs were found to persist in XP-A cells relative to wild-type cells (17) . A partial determinant of the accessibility of a DPC to the NER incision complex may lie in the degree to which the protein lesion distorts the DNA to which it is bound. In the case of T4-pdg, this complex is severely distorted, and this may have served to prepay part of the energetic penalty of forming the incision complex. Thus, the relative ease with which the Michaelis complex can be formed may determine whether efficient catalysis can occur. This model is currently being tested by creating site-specific covalent histone-DNA complexes in which DNA stability should be enhanced rather than diminished.
Recent data suggest that ubiquitin-dependent proteolytic degradation is involved in DPC removal in mammalian cells (21) , although it has not been established whether this process is coupled with NER or with some other repair mechanism. The data presented here suggest that at least some subset of DPCs can be removed by NER mechanisms without an obligatory prior proteolytic degradation. A mechanism of repair that includes degradation of proteins covalently bound to DNA is an attractive model, as this would presumably lead to greater accessibility to incision sites for NER nucleases. Alternatively, the extent of DNA distortion may be diminished following proteolytic degradation at the site of a DPC, thereby decreasing the efficiency of lesion removal by interfering with damage recognition.
An additional parameter that may influence the catalytic efficiency and accessibility of the NER complex is the site of addition. Currently, we are investigating strategies in which the covalent linkage can be moved from the abasic sugar moiety to either the minor groove accessible site (N 2 -guanine) or the major groove (N 6 -adenine). Detailed analyses of these potential substrates may reveal the fundamental principles of recognition of covalent DPCs. 
